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1. Introduction 

The Utah Division of Water Quality (DWQ) is in Phase 2 of the Utah Lake Water Quality Study 

(ULWQS) to evaluate the effect of excess nutrients on the lake’s recreational, aquatic life, and 

agricultural designated uses and to develop site-specific nitrogen and phosphorus water quality 

criteria to protect these uses. The ULWQS is guided by the Stakeholder Process developed 

during Phase 1, which established a 16-member interest-based Steering Committee and a 10-

member disciplinary-based Science Panel. The Steering Committee charged the Science Panel 

with developing and answering key questions to characterize historic, current, and future nutrient 

conditions in Utah Lake. Responses to the key questions will be used by the Steering Committee 

to establish management goals for the lake and by the Science Panel to guide development of 

nutrient criteria to support those goals. 

There is a high degree of annual variability in water levels in Utah Lake (Figure 1; CUWCD and 

Thurin 2007). The fluctuations result from a combination of natural and anthropogenic factors, 

including variable precipitation patterns, evaporation, upstream water use, and managed 

outflows. On average, lake levels vary by ~3-4 feet per year (measured as the difference between 

the minimum and maximum water level). Due to the shallow nature of the lake, which averages 

9 feet deep when full, the fluctuating water levels cause major changes in water-edge location 

and lake characteristics. 

 

Figure 1. Annual and five-year average within-year variation in Utah Lake level from 1884 to 2006 showing generally 

increasing variation (doubling) over the historical period from 1884 to the 1930s to 1940 (from CUWCD and Thurin 2007; 

Figure 11). 

https://documents.deq.utah.gov/water-quality/watershed-protection/utah-lake/DWQ-2017-004494.pdf
https://documents.deq.utah.gov/water-quality/locations/utah-lake/DWQ-2019-001871.pdf


With the large variations in lake levels and shallow depth, large expanses of Utah Lake’s littoral 

sediments are subject to wetting and drying cycles of varying durations and frequencies.   

Little is currently known about the effects of water level fluctuations/wet and dry phases on C, 

N, and P loading from littoral sediments in Utah Lake. As the Science Panel works to respond to 

charge questions and nutrient criteria are being developed, it is important that this knowledge 

gap be addressed. More specifically, the Science Panel needs to better understand whether 

littoral sediments act as nutrient sinks (e.g., through denitrification, respiration and 

sedimentation) or sources (e.g., decomposition/mineralization and release upon rewetting), to 

what magnitude, and whether they reduce or enhance nutrient loads and impact the overall 

nutrient budget of the lake. The Science Panel also needs quantitative relationships between the 

duration and frequency on wetting and drying on nutrient loading in order to evaluate 

relationships between external and internal loads to Utah Lake. 

2. Previous Utah Lake studies and datasets 

Water level data have been collected 

in Utah Lake since the late 1800’s 

(Figure 1; CUWCD and Thurin 

2007). A probability distribution of 

fluctuations in lake area using data 

from 2004-2018 estimated that the 5 

to 95th percentile in lake area varied 

by 30 mi2 from an average of 130 

mi2 (J. Martin, pers. comm). Based 

on other estimates, approximately 

10-15% of the area is littoral. The 

extent of the areas of wetting and 

drying can also be illustrated by the 

Utah Lake bathymetry (Figure 2) 

comparing areas that were always 

wet to those that were periodically 

dry. In either case, the amount of 

lake area potentially affected by 

wetting and drying is substantial. The 

duration of dry and wet phases can 

also be inferred from lake level data 

and can range from months to years. 

Other existing, complementary 

studies include a project recently 

completed by Goel and Carling on 

Figure 2. Areas of Utah Lake that were continuously wet for the 

period of 2010 – 2020 (light blue) versus those that periodically 

became dry (Dark blue bands). 



sediment–water-nutrient interactions in Utah Lake1 (Goel et al., 2020). Results include 

calculations of sediment fluxes over a range of water column P concentrations and an exploration 

of the potential effects of changing pH, alkalinity, and redox. Equilibrium P concentration, the 

water column concentration at which the sediment switches from a sink to a source of P, were 

estimated from this study as well. The study also estimated sediment oxygen demand and 

information on the role of sediment resuspension on nutrient releases or removal, primarily via 

calcite scavenging. The experiments were performed on wet cores collected from two sites —one 

site in Provo Bay and one site from the main body of the lake at an established DWQ monitoring 

site. These data could be contrasted with the results from this work, but also provide information 

on wet core nutrient content.  

2.1. Utah Lake drying and re-inundation events 

We found no research detailing the release rates of N or P from Utah Lake littoral sediments. 

However, Utah Lake experiences lake water fluctuations (LWF) that cause sediments to dry and 

become re-inundated. Generally, dry littoral sediments may experience one re-inundation event 

as the lake level rises in the spring and declines in the fall or sediments that straddle the margin 

of the lake may experience multiple intra-annual fluctuations and drying-re-inundation event. 

Further, Utah Lake levels may also remain low over multiple years, leading to the re-inundation 

event of sediments that were previously saturated or periodically exposed to drying. The re-

inundation of dry sediments or relatively dry sediments may release N and P and result in 

substantial nutrient loading. Aside from that, little is known about littoral sediments in Utah 

Lake, thus the need for this work. 

3. Effects and mechanisms of sediment drying and rewetting on C, N, 

and P flux 

It is well established that drying and rewetting events alter microbial activity and biogeochemical 

processes in sediments (Amalfitano et al., 2008; Baldwin and Mitchell, 2000; Larned et al., 

2007; Marxsen et al., 2010; Pohlon et al., 2013; Zoppini and Marxsen, 2010). As littoral 

sediments go through periods of desiccation and inundation, it changes sediment properties and 

alters the duration of oxic and anoxic conditions, which in turn affects sediment oxygen demand, 

C, N and P release as well as microbial activity and composition (Weise et al., 2016). A number 

of studies have found that sediment drying promotes the release of potentially significant 

amounts of bio-available N and P on re-wetting (the so-called “Birch effect”; Baldwin and 

Mitchell, 2000; Birch, 1960; McComb and Qiu, 1998; Scholz et al., 2002). This occurs as a 

result of numerous interacting processes, including enhanced aerobic microbial mineralization of 

OM and the reduction of nitrate, leading to an accumulation of ammonium N in the sediment; a 

decreased capacity of the sediments to adsorb nutrients such as P (Baldwin, 1996); and the 

release of cell-bound nitrogen (ammonium) and filterable reactive phosphorus from sediment 

bacteria as they are killed during drying (Qiu and McComb, 1995). Although both N and P may 

be released by these processes, they may respond differently, since the re-wetted sediments may 

                                                 
1this study was performed on fully-wetted sediments, not sediments subjected to drying 



have a reduced capacity to release P under anoxic conditions (which suggests that more N than P 

could be released into the water column on lake filling) (Mitchell and Baldwin, 1998). The 

degree and duration of drying before rewetting has been shown to affect nutrient release. 

Schönbrunner et al. (2012) performed an internal phosphorus loading study in which floodplain 

sediments were exposed to different dry/wet treatments. They found that total phosphorus (TP) 

release from sediments into the water column increased with increasing duration of dry periods 

prior to rewetting and that repeated drying and wetting resulted in elevated phosphorus release. 

This effect was more pronounced when drying periods led to an 80% reduction in water content. 

Sediment characteristics also affect nutrient releases. Shaughnessy et al. (2019) found that spatial 

distributions of lakebed nutrients in an agricultural reservoir in Illinois were predominantly 

controlled by sediment depositional patterns. The largest proportion of clay‐sized particles and 

highest concentrations of OM were deposited near the dam wall and the highest proportion of 

(heavier) sand‐sized particles were deposited near the river mouth. They found a significant and 

positive correlation between TP, TN, and TC with OM. Shaughnessy et al. (2019) also found that 

seasonal factors were important to consider. Nitrogen species varied seasonally at the sediment‐

water interface and were significantly higher during warmer weather/the growing season. The 

warmer conditions may enhance the release of nutrients from the sediments to the water column 

due to higher decomposition rates, higher pH due to photosynthetic activities, and low DO near 

the sediment‐water interface that can change redox conditions so that reduced iron (Fe) might 

liberate P.  

Multiple factors determine the potential for nutrient loading across the sediment-water interface 

such as antecedent inorganic N and orthophosphate sediment concentrations, C:N:P ratio of 

organic matter comprising the sediments (Strauss and Lamberti, 2000), anthropogenic loading to 

sediments (Steinman et al 2014) and the microbial community (Conrad et al., 2014). However, 

the magnitude, duration, and frequency of LWF exerts a large influence over the biophysical 

parameters that regulate nutrient loading from the sediments to the water column.     

3.1. C Flux 

Local water use may influence GHG emissions to the atmosphere by exposing desiccated lake 

beds to air, as well as through changing lake water chemistry through lowering water levels. The 

CO2 emissions from lake or stream beds exposed to the air by desiccation can be extremely high, 

making them an overlooked “blind spot” in global carbon cycling (Keller et al., 2020). Less is 

known about the response of landscape methane (CH4) following desiccation (Keller et al., 

2020), even though the global warming potentials of CH4 is 34% greater than that of CO2. Lake, 

stream, and reservoir sediments experiencing frequent re-wetting events and drawdown periods 

may indeed be major sources of CH4 atmosphere (Jin et al., 2016; Kosten et al., 2018). 

Declining water levels can influence water chemistry and biota in lakes (Callieri et al., 2014), 

and thus potentially alter aquatic GHG emissions as well. Quantifying the GHG emissions 

associated with incremental desiccation and local water management behaviors is thus not only 

important for understanding potential critical feedbacks with desiccation and drought within the 



environmental system, but a better constraining of these GHG emissions may interact with 

societal perceptions of the risks associated with desiccation, and these perceptions may likewise 

change with local economic and societal conditions (Givens and Jorgenson, 2011).  

3.2. N Flux 

The nitrogen cycle is biologically mediated and composed of transformation pathways that 

provide sources and sinks for bioavailable N, and the regulation of these processes determines 

the net bioavailable N in the system (Berman and Bronk, 2003; Daly et al., 2021). Hydrologic 

fluctuations present an important control on sediment microorganisms and subsequent nitrogen 

(N) transformation rates (Gutknecht et al., 2006). Sediment desiccation draws down moisture 

content, thereby increasing oxygen concentrations and gas diffusivity through pore space while 

decreasing mobility of dissolved solids and osmotic potential of microorganisms. Processes 

within the N cycle respond to thermodynamic conditions of the sediment-water interface [i.e. 

supply and availability of electron donors (DOC, CH4, NH4) and acceptors (O2, NO3, SO4)] 

which modulate the directionality and magnitude of N species production and consumption 

(Hedin et al., 1998). 

3.2.1. Effects of sediment drying and rewetting on sources of bioavailable N 

Processes within the N cycles that result in net production of N include N-fixation, 

ammonification/N-mineralization (organic N to inorganic N as NH4), and microbial biomass 

turnover (N recycling). Nitrification and dissimilatory reduction of nitrate to ammonium are 

internal cycling processes that convert bioavailable N from one form to another (NH4 to NO3 and 

NO3 to NH4, respectively). All processes are sensitive to redox state and osmotic potential and 

have been observed to be influenced by hydrologic fluctuations in sediments in the following 

ways: 

N-fixation 

The impact of intermittent drying and wetting periods on benthic N-fixation has not yet been 

explicitly addressed in the literature. 

Nitrification  

Net nitrification has generally shown no significant change following dry-to-wet transitions, 

however, desiccation of saturated sediments has been shown to stimulate nitrification, resulting 

in decreased NH4 but an increased buildup of NO3 in dry sediments that can lead to a pulse of 

bioavailable N to the water column upon rewetting (Birch, 1960; Fromin et al., 2010; Gómez et 

al., 2012; Peralta et al., 2013). Nitrification has been observed to be particularly significant 

during later stages of drying periods (30+ days), and it is suggested that periodic drying and 

rewetting of littoral sediments reduces the potential for NH4 release (Liu et al., 2019). 

N-mineralization 



Net mineralization increases during drying phases, particularly in the initial 10-25 days of the 

drying period (Gómez et al., 2012; Liu et al., 2019). Intermittent drying enhances the amount of 

mineralized N produced, and such wet-to-dry and dry-to-wet conditions can supply more N than 

under constant moist or saturated conditions (Birch, 1964). 

Dissimilatory nitrate reduction to ammonium 

DNRA is a significant, but understudied, process that produces NH4 under anaerobic or anoxic 

conditions. Similar to denitrification, DNRA decreases in drying sediments, with a reduction in 

rates up to 90% (Rahman et al., 2019). DNRA has been observed to follow peak denitrification 

activity in the progression of sediment rewetting with decreasing redox conditions (Figure 3; 

Arce et al., 2015). DNRA may be a significant contributing factor to water column NO3 removal 

during saturated conditions (Arce et al., 2015). Studies that have only considered changing water 

column NO3 concentrations in response to sediment hydrologic fluctuations may have 

incorrectly attributed this NO3 depletion to denitrification, and thus, overestimated the potential 

for N removal from the system. Temperature has been observed to be a key factor in determining 

the partition between denitrification and DNRA, indicating that temperatures may drive whether 

bioavailable N is removed from the system or recycled internally (Rahman et al., 2019).  

Microbial biomass turnover 

Sediment rewetting is known to enhance sediment N content, in part due to the abrupt osmotic 

shift and the resulting lysis of microbial cells upon rewetting (Birch, 1960). The contribution of 

microbial biomass turnover to N release during sediment drying and rewetting has not been 

explicitly measured, but it is assumed that NH4 accumulation and release may be a result of 

microbial biomass killed during sediment drying (Qiu and McComb, 1995). 

3.2.2. Effects of sediment drying and rewetting on sinks for bioavailable N 

N cycle processes that result in net consumption or removal of N include denitrification (NO3 to 

N2), immobilization or assimilation (NH4 or NO3 to organic-N), volatilization (NH4 to NH3 gas), 

and leaching (hydrologic transport). Studies have largely only investigated the influence of 

hydrologic fluctuations on sediment denitrification. 

Denitrification 

Denitrification reduces nitrate to atmospheric N in the absence of oxygen and is the only known 

permanent removal mechanism for N in aquatic environments. Sediment denitrification is highly 

sensitive to the redox state, as the transformation only occurs when oxygen is not present to act 

as the electron acceptor in microbial metabolic respiration, and microbes instead utilize nitrate in 

the place of oxygen. Several studies have evaluated the response of sediment denitrification to 

hydrologic fluctuations across aquatic habitats, including streams, wetlands, ponds, and lakes. In 

general, it has been found that rewetting desiccated sediments stimulates increased rates of 

denitrification due to rapid depletion of oxygen (Arce et al., 2015; Fromin et al., 2010). Arce et 

al. (2015) observed maximum rates of denitrification occurring during the 24 hours following the 



start of the rewetting period and a total decrease in water column nitrate by 94% in the week 

following rewetting.  

Denitrification tends to decrease with decreasing sediment water content due to increased oxygen 

diffusivity, and thus denitrification generally decreases in drying sediments (Gómez et al., 2012; 

Koschorreck, 2005; Rahman et al., 2019). However, some studies have observed a decrease in 

net sediment inorganic N during sediment drying periods which may be a result of tightly 

coupled nitrification-denitrification (Koschorreck, 2005; Pinto et al., 2021) 

 

Figure 3. Hypothesized changes in the N cycle as sediments undergo rewetting following a 

period of desiccation (Arce et al., 2015) 

3.2.3. Littoral sediments and N cycling focusing on N available to harmful algal blooms 

Bacterial activity may be extremely low in dry sediments owing to a combination of desiccation 

stress and reduced diffusion of substrates (Schimel et al., 2007). Under these relatively inactive 

conditions, precipitation events or LWF may serve as an environmental cue that terminates 

microbial dormancy under dry conditions and stimulates bacterial activity (Aanderud et al., 

2015). In lakes during sediment re-inundation, bacteria from littoral sediments may release 

immense amounts of N and P creating a large source of nutrient loading (Søndergaard et al., 

2013; Wu et al., 2017). For example, even in oligotrophic lake sediments exposed to LWF, the 

release rate of TN increased 30-fold (-1.4-1.1 mg m-2 d-1 permanently flooded, 33.4 to 52.7 mg 

m-2 d-1 exposed to LWF) and TP increased 20-fold (0.007 to 0.03 mg m-2 d-1 flooded, 0.6 to 1.4 

mg m-2 d-1 exposed to LWF) over 75 days (Paranaíba et al., 2020). The resulting N and P 

entering the water column across the sediment-water interface may be directly used by harmful 

cyanobacteria and algae (Bormans et al., 2016; Glibert et al., 2016; Jeppesen et al., 2005).  

3.3. P Flux 

In nearly all studies investigating wetting/drying dynamics of soils, reservoir sediments, river 

sediments, and lake sediments, P is released to the overlying water during the rewetting phase. 

The amount of P flux depends on the drying history of the sediments, with littoral often having a 

higher P flux relative to deeper (always inundated) lake sediments (Andersen and Ring, 1999; de 



Vicente et al., 2010; Steinman et al., 2012). The amount of drying is important, with fully 

desiccated sediment releasing more P than partially dry sediments (Baldwin, 1996; Baldwin and 

Mitchell, 2000). Periodic wetting and drying may cause an increase in P flux as opposed to only 

one wetting/drying cycle (Liu et al., 2019; Schönbrunner et al., 2012). Repeated drying and 

wetting may result in increased P flux from sediments (Schönbrunner et al., 2012). Rewetted 

sediments may be a short-term P source to the overlying water before the P flux gradually 

decreases over time since water was added (Tang et al., 2014; Thanh Nguyen and Marschner, 

2005). An increased P release is related to a decrease in P sorption capacity of soils and 

sediments (Attygalla et al., 2016; de Vicente et al., 2010; Gilbert et al., 2014; Qiu and McComb, 

2002). The increase in P concentrations during rewetting is often greater in porewater relative to 

overlying water (Ding et al., 2019; Kinsman-Costello et al., 2016; Tian et al., 2017; Young and 

Ross, 2001). The amount of P release from sediments upon rewetting may be related to the 

fraction of loosely bound P from sequential extraction tests (Zhang et al., 2012).  

4. Mechanisms of C, N, and P flux during sediment drying and rewetting 

phases 

The dynamics of hydrologic shifts, including the frequency, intensity, and duration of dry-wet 

cycles affects microbial N responses (Foulquier et al., 2013; Langhans and Tockner, 2006; 

Larned et al., 2007). 

4.1. Magnitude: lake re-inundation versus rainfall on sediments  

The impact of a rewetting event on N is determined by the degree of saturation caused by the 

lake re-inundation or rainfall event. The level of dissolved oxygen (DO) in sediments may 

regulate the form of inorganic N released during rewetting. For example, in an agriculturally 

impacted stream, rewetting of sediments increased NH4 concentration over a seven-day 

rewetting, which suggested that NO3 was transformed into NH4 through DNRA supported by low 

Eh levels (40 mV; Arce et al., 2015). Alternatively, rainfall on dry sediments or more air-

exposed sediments stimulated ammonium oxidation to NO3 six to nine weeks after a rainfall 

event (22 mm; Arce et al., 2018). In general, oxic conditions reduce anaerobic processes such as 

denitrification (Austin and Strauss, 2011; Gómez et al., 2012) and favor aerobic pathways such 

as nitrification. In Utah Lake, sediments rather than the water column are typically a sink for DO 

(Hogsett et al., 2019). The water column is commonly supersaturated with DO regardless of 

location most likely due to the primary production by phytoplankton in the spring, summer, and 

fall (Lawson et al 2021) and wind and wave action continual mixing of the water column.   

4.2. Duration: N release in wet and dry lake sediments 

LWF may create drying rewetting regimes that vary in duration. For example, the net release of 

N and P into water from air-dried sediment increases after re-inundation (Reddy et al., 1999; 

Steinman et al., 2012), but the duration of re-inundation determined the response. Steinman et al 

(2012) revealed that the fluxes of both soluble reactive phosphorus (SRP) and NH4 from dried 

wetland sediment were influenced when long-term drying was followed by short-term re-

inundation. Also, following re-inundation in sediments from the shallow eutrophic Lake Chaohu, 



China, NH4 fluxes increased following 5-25 days of drying, which was followed by an obvious 

decrease after 30 days of drying (Liu et al., 2019). The decreased of NH4 fluxes remained low 

during the remaining 90 days re-inundation period as well. In contrast to re-inundation sediment 

drying also stimulates the release of N. For example, during the first 10 days of sediments drying 

in a semi-arid intermittent stream, desiccation stimulated net N-mineralization and net 

nitrification from sediments (Gómez et al., 2012). However, as drying continued much of the 

inorganic N potentially vanishes. In sediments from an Amazonian lake floodplain, N loss was 

curbed by the inhibition of nitrification, suggesting that coupled nitrification-denitrification was 

responsible for N loss and not microbial assimilation or leaching (Koschorreck, 2005).  

4.3. The frequency of the re-inundation may determine the release of N and P 

In a large shallow eutrophic lake with high WLF, drying and re-inundation events may only 

occur once annually or occur multiple times in a season predominantly due to the location of the 

sediment. If the sediment is near the edge of the lake, the intra-annual variation in lake level 

caused by LWF may create multiple drying and re-inundation cycles. For example, in river 

sediments on the bench that flood every year compared to sediments permanently saturated in the 

lakebed, concentrations of NH4 were lower but NO3 and SRP were higher (Woodward et al., 

2015). In Utah Lake sediments that were consistently inundated by water, NH4 fluxes were 

negative demonstrating a loss of N (Goel et al., 2020). Sediments exposed to oxic conditions 

generally lost more NH4 (-33.4 to -3.6 mg m-2 d-1) than sediments that were slightly anoxic (-

9.12 to 0.11 mg m-2 d-1). Generally, NH4 but not NO3 was detectable in sediments. The loss of 

NH4 was potentially due to a source-sink relationship between microorganisms sequestering N in 

the water column, ammonia volatilization due to relatively high pH levels, and/or ammonium 

oxidation and coupled nitrification-denitrification (Goel et al., 2020; Palmer et al., 2009). 

Further, in Provo Bay, Utah Lake, the flux of N from sediments was immense, -1.44 g N m-2 d-

1, demonstrating this location’s potentially high sediment N mineralization rates resulting from 

organic matter decomposition or high dissimilatory nitrate reduction to ammonium activities 

under higher-oxygen depletion conditions (Hogsett et al., 2019).  

The mechanisms of P release during drying and wetting sediments include: 1) reductive 

dissolution of iron during anoxic conditions during wetting (Andersen and Ring, 1999; 

Schönbrunner et al., 2012; Young and Ross, 2001); a change in P speciation and increase in 

reactive P as organic P is mineralized during drying (Attygalla et al., 2016; Kerr et al., 2010; Liu 

et al., 2019); a decrease in P adsorption capacity of sediment during drying as iron speciation 

shifts to more recalcitrant forms or organic matter is lost drying; death of bacteria during 

desiccation of sediments causing P release (Baldwin and Mitchell, 2000; Turner and Haygarth, 

2001); decay of plants (Keitel et al., 2016; Klamt et al., 2016); and change in sediment 

mineralogy (Baldwin and Mitchell, 2000) or particle size distribution (Tang et al., 2014) during 

drying. The mechanisms for P release during wetting and drying cycles can be summarized as 

chemical reactions dominated by sorption-desorption processes controlled by pH and redox 

conditions; physical transformations such as changes in particle size distribution; and biological 

processes dominated by microbial activities (de Vicente et al., 2010). Hydrological processes 

also play a role as P exchanges from pore water to the water column with frequent wetting and 



drying cycles or water level fluctuations (Ding et al., 2019; Kinsman-Costello et al., 2016; 

Steinman et al., 2014, 2012; Tang et al., 2016). 

5. Synthesis of peer-reviewed field and laboratory protocols 

The methods for quantifying or explaining P and N release from sediments to the water column 

during drying and rewetting include a number of laboratory experiments including: 1) 

wetting/drying intact sediment cores along transects from dry to wet sediments (Andersen and 

Ring, 1999; Ding et al., 2019; Klamt et al., 2016; Liu et al., 2019; Paranaíba et al., 2020; Qiu and 

McComb, 1994; Schönbrunner et al., 2012; Steinman et al., 2014, 2012; Tang et al., 2016); 

conducting sequential extractions or batch sorption tests on sediment samples with different 

amounts of drying to test for P speciation and adsorption capacity (Attygalla et al., 2016; 

Baldwin, 1996, p. 199; de Vicente et al., 2010; Gilbert et al., 2014; Kerr et al., 2010; Qiu and 

McComb, 2002; Turner and Haygarth, 2001; Zhang et al., 2012); creating sediment/water 

slurries in centrifuge tubes and conducting wetting/drying experiments (Baldwin and Mitchell, 

2000; Mitchell and Baldwin, 1998); and flooding sediment samples in columns or mesocosms 

(Dieter et al., 2015; Gerhardt et al., 2010; Keitel et al., 2016; Kinsman-Costello et al., 2016; 

Tang et al., 2016; Thanh Nguyen and Marschner, 2005; Tian et al., 2017; Watts, 2000; Wilson 

and Baldwin, 2008; Young and Ross, 2001). Several studies measured P concentrations in 

porewater in addition to overlying water during the wetting phase (Ding et al., 2019; Tian et al., 

2017; Young and Ross, 2001). One study investigated P release through field observations by 

measuring water column P concentrations during flooding of historically drained wetlands 

(Kinsman-Costello et al., 2016). 
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